The annular ligament provides a compliant connection of the stapes to the oval window. To estimate the stiffness characteristics of the annular ligament, human temporal bone measurements were conducted. A force was applied sequentially at several points on the stapes footplate leading to different patterns of displacement with different amounts of translational and rotational components. The spatial displacement of the stapes footplate was measured using a laser vibrometer. The experiments were performed on several stapes with dissected chain and the force was increased stepwise, resulting in load-deflection curves for each force application point. The annular ligament exhibited a progressive stiffening characteristic in combination with an inhomogeneous stiffness distribution. When a centric force, orientated in the lateral direction, was applied to the stapes footplate, the stapes head moved laterally and in the posterior-inferior direction. Based on the load-deflection curves, a mechanical model of the annular ligament was derived. The mathematical representation of the compliance of the annular ligament results in a stiffness matrix with a nonlinear dependence on stapes displacement. This description of the nonlinear stiffness allows simulations of the sound transfer behavior of the middle ear for different preloads. 
electrically to ensure the repeatability of the laser beam position on the stapes footplate. The plane spanned by the two perpendicular oriented positioning units was rotated by 5° around the short axis of the stapes footplate to guarantee free access of the laser beam to the stapes footplate. The load cell was mounted on three positioning units. Two of them were driven manually (M-126.M0, PI-instruments, Germany) in order to position the bone in the x-z-plane which paralleled the stapes footplate. The other one was driven electrically (M-126.DCG1, PI-instruments Germany) in the -direction, orthogonal to the stapes footplate. The force was applied using a thin, flexible steelneedle (diameter 0.24 mm, length 32 mm) attached to the load cell and orientated along the electrically driven axis. The position of the laser beam and the needle could be checked visually using a microscope camera (Digimicro 1.3 DNT, Germany).
FIG. 1.
(Color online) Schematic of the experimental setup used for the force-displacement measurements. The displacement is measured at the indicated points on the stapes footplate.
C. Measurement procedure
In three different load configurations a force was applied to three different points (5, 6, 8; see Fig. 1 ) on the stapes footplate. The induced stapes displacement was measured at nine points on the stapes footplate using the 1D-LDV unit. The procedure for each load configuration is as follows: At the beginning of the measurement, both the load cell and the laser coordinate systems were aligned by driving the tip of the needle and the laser point to the same point at the center of the stapes footplate and resetting the incremental decoder information of the positioning units Using the microscope camera image, nine points on the stapes footplate were chosen and their relative positions to the center point were determined. This was done by positioning the laser spot to each of those points and reading out the incremental decoder information of the LDV positioning units. With the laser component initialized, the load cell was moved to its starting position by moving it in the y-direction until the needle applied a force of 1 mN to the stapes footplate. Beforehand, the position of the force application point on the stapes footplate was adjusted with the hand driven micro manipulators according to the current load configuration, i.e., force application point.
From this initial condition, the load cell was displaced stepwise into the direction perpendicular to the stapes footplate, while measuring the force applied to the stapes footplate. Figure 2 shows the applied load cycle, with the pickup points denoting the displacement and force level at the end of a displacement step. The displacement step can be divided in two parts: the region in which the load cell is displaced and the following hold-off time. At the end of the hold-off time, the displacement and force level approach their static value. Since the hold-off time is finite, the displacement and force level at the end of the stationary region deviate slightly from the theoretical static value. Nevertheless, the displacements of the stapes at the pickup points can be regarded as quasi-static, which implies that viscous effects are small. Such viscous effects were neglected in this work, but might be evaluated using the transient force-displacement history during the hold-off time. This paper focuses on stiffness properties only.
FIG. 2.
(Color online) Schematic of the applied load cycle. The force was applied by load cell displacements, using a stepwise displacement profile with a hold-off time at the end of each displacement step.
At the end of a load cycle, the measurement position of the laser beam is changed to the next point and the load cycle is applied again. A multiple application of the load cycle is necessary, since with a 1D-LDV, only the displacement of a single point on the stapes footplate can be measured at a time. After having performed the displacement measurement at all nine points, the needle was shifted back to the initial position and the measurement setup was reinitialized before starting the measurement for the next load configuration (force application point, e.g., point 5 or 8, see Fig. 1 ).
D. Reconstruction of the stapes motion
The function of the annular ligament is first to seal the inner ear against the middle ear and second to allow a relative motion between the stapes and the oval window. Looking at the material properties of the stapes bone itself it is expected that the compliance of the annular ligament is much higher. Therefore we assume the stapes as a rigid body and further that the spatial motion of the human stapes can be appropriately described by three generalized coordinates , neglecting the in-plane motions of the stapes footplate. In this kinematic description, denotes the translational piston-like motion, and denote the rotational rocking-like motion along the long and short axis of the stapes footplate, respectively. As the measured magnitudes of motions were in a lower micrometer range, the -displacement of a point on the stapes footplate can be described by the linear equation (1) with and denoting its position in the stapes coordinate system . Figure 3 illustrates the stapes, the three generalized coordinates and the nine measurement points on the stapes footplate.
FIG. 3.
(Color online) The stapes motion is described by three generalized coordinates . The positions of the nine measurement points are described in the stapes coordinate system by . The force application points (5, 6, 8) For measurement points the displacements can be described using the matrix expression with (2) summarizing the equations according to Eq. (1) .
In the case of an ideal measurement, the generalized displacement can be reconstructed from the displacement of three non-collinear points on the stapes footplate. The effect of unavoidable measurement errors was reduced by increasing the number of measurements points on the stapes footplate to , leading to an overdetermined system of Eqs. (2) . Applying the method of the least square errors the generalized displacements were calculated as
For the mathematical modeling of the annular ligament both, the generalized displacements and forces have to be determined. In case of an excentric force application, torques and appear with relation to the origin of the system. With the coordinates of the force application point expressed in the stapes coordinate system the generalized forces (4) were calculated, with denoting the actual force application point.
E. Mechanical model of the annular ligament
The stiffness distribution of the annular ligament is inhomogeneous in combination with a nonlinear stiffening characteristic. In order to create an appropriate mathematical model of the annular ligament, this behavior was included and appropriate model parameters describing both effects were derived from the force-displacement measurements. 
Schematic of the annular ligament. A displacement of the stapes causes a shearing of the annular ligament. The resulting forces and torques acting on an infinitesimal element of the annular ligament are illustrated on the right hand side.
The annular ligament was modeled as a shear layer, since the width (about 400 ) is much larger compared to the thickness (about 50 ). Therefore, forces induced by shear and torsional strains of the annular ligament were taken into account. Considering an infinitesimal element of the annular ligament, a displacement of the stapes induces an infinitesimal force acting in the y-direction and an infinitesimal torque in the x-z-plane. Both can be summarized to the generalized differential force vector (5) By integrating along the circumference of the annular ligament and calculating the static equilibrium of forces and torques one gets the relation between the generalized forces and the generalized displacements, (6) whereas represent the summarized torque components in the -direction along the circumference and the summarized torque components in -direction.
We approximated the observed nonlinear stiffness by assuming a cubic dependence of the stiffness on the -displacement of the corresponding finite element of the annular ligament. For simplification, it was assumed, that the stiffening characteristic is similar for positive and negative displacements of the stapes, which leads to the absence of quadratic terms in the following Eq. (7) . The annular ligament was discretized along its circumference by eight segments. A translational spring with a cubic stiffening characteristic was assigned to each segment. The torque components and were represented by two rotational springs, each with a cubic stiffening characteristic. Figure 5 illustrates the discrete model of the annular ligament. µm µm
Mechanical model of the annular ligament. In the sketch only the rotational spring is indicated, however, in the mathematical model an additional rotational spring is taken into account.
Thus, the relations given in Eq. (6) for the discretized model read as (7) with denoting the displacement of the ith spring, the stiffening parameters , as well as the stiffening parameters of the rotational springs. The nonlinear relation between the generalized forces F and the generalized coordinates given by Eq. (7) can be approximated by linearizing it about a working point leading to (8) with the stiffness matrix (9) which is symmetric and fully populated, coupling the translational and the rotational displacements of the stapes. This linear approximation is only valid for small deviations around the working point, which is true for acoustically 
induced displacements of the stapes around a certain working point. The nonlinear terms determine the working position itself, and are significant in larger displacements, e.g., due to big quasi-static loads.
The model parameters, i.e., the positions of the translational springs along the circumference of the stapes footplate and the stiffening parameters as well as the stiffening parameters of the rotational springs were derived from the experimental data. For each load configuration, the displacements of nine points on the stapes footplate were used to reconstruct the spatial displacement of the stapes. By combining the force level and the generalized displacements, three spatial force-displacement curves were obtained. Due to the fact that the loading and unloading paths are slightly different, a mean value of the measured curves was taken for the cubic approximation. Each curve was approximated by a cubic polynomial starting at a zero force and displacement level to guarantee an unambiguous allocation of the applied force to the respective spatial displacements. The quadratic errors between these curves and the force-displacement curves obtained by simulation was minimized to get the final model parameters, whereby the design parameters were the positions of the springs and the stiffening parameters of the translational and rotational springs. This was done by solving a constrained optimization problem using MATLAB's fmincon routine. The start values of the spring positions were defined by distributing them symmetrically to the and axis of .
F. Mechanical model of the middle ear
To investigate the effect of the nonlinearity of the annular ligament on the sound transfer of the ossicular chain, a mechanical model of the human middle ear is required. Therefore, the mechanical model of the annular ligament is implemented in our mechanical model of the human middle ear presented in Ihrle et al. (2012) . Figure 6 shows the structure of the model.
FIG. 6.
Elastic multibody system of the human middle ear and its adjacent structures.
The tympanic membrane and the air in the ear canal as well as in the tympanic cavity are modeled using the finite element method. The ossicles are modeled as rigid bodies, i.e., characterized by their mass and inertia. In contrast to the malleus and incus which are modeled with six degrees of freedom, the stapes motion is described by three components, namely, the translational piston motion and the rotational motions and . The ligaments and tendons are described by spring damper combinations interconnecting the ossicles with the temporal bone. This applies also to the two joints of the ossicular chain, namely, the incudo-malleal and the incudo-stapedial joint, where two ossicles are interconnected, respectively.
The nonlinear mechanical model of the annular ligament can easily be implemented in the human middle ear model by connecting the nonlinear springs to the stapes. All model parameters derived for the isolated model of the annular ligament, e.g., the positions and the stiffening parameters, can be directly used in the elastic multibody model of the middle ear. The detailed subsystem of the annular ligament replaces a simplified model, in which the parameters of a fully populated stiffness matrix were increased at first in order to model the nonlinearity.
The model is capable of describing the sound transfer for different configurations of the ossicular chain. Hence, the nonlinear equations of motion are linearized at a given system state, e.g., calculated for a static pressure applied at
the tympanic membrane. Beside the transfer functions from the pressure to a system output, the stiffness matrix given in Eq. (9) can be calculated for the current system state.
G. Preliminary experiments on a technical benchmark model
To check whether the experimental setup is suitable for the derivation of the load-deflection curves and to verify the reliability of the data processing, we performed preliminary measurements on a technical benchmark model with known stiffness properties.
During the preliminary measurements we followed the procedures described in Sec. II C , and evaluated the measured force and displacement data as described in Sec. II D . But instead of taking a temporal bone we used a small, thin beam made of spring steel, which was firmly clamped to a metal block. In order to ensure optimal reflective conditions for the LDV, a piece of reflective foil (Polytec, Waldbronn, Germany) was glued on the small beam.
A cantilever represents the annular ligament around its initial equilibrium position quite well, since when choosing the geometrical dimensions suitably, its elastic properties can be made similar to those of the annular ligament. And advantageously, the beam's stiffness properties can be calculated analytically with sufficient accuracy, which enables a comparison of the measured stiffness values and the theoretically expected ones. For our experiments we selected a beam with a shaft length of 23 mm, a width of 10 mm, and a thickness of 0.1 mm. Since the shaft length is much larger than five times the beam thickness, the approach of the Euler, Bernoulli, and Beam can be used for the calculation of the stiffness properties as shown in Gere and Timoshenko (1997) .
A force applied on the center line of the beam results in a translational deflection and a bending motion as depicted in Fig. 7 . When the force is applied excentrically, i.e., with distance to the center line, the exerted torsiona torque causes an additional rotational motion .
FIG. 7.
(Color online) Setup of the preliminary experiments on a cantilever. Forces are applied on the center line as well as excentrically and the deformations , , and are reconstructed from displacement measurements on the beam surface.
The force was applied at a beam length position of 19 and 21 mm on the center line as well as on the length of 21 mm with 4 mm distance from the center line. No foil was placed at the point of force application, in order to prevent effects of the elasticity of the foil on the measurements. The spatial displacement of the small beam was reconstructed from measurements at 15 points located at the beam length position of 12.5, 13.5, and 15.5 mm.
It turned out that when the force is applied on the center line the differences between the measured and theoretically expected displacements were below ( 0.4%). For the excentrically applied force, the differences were maximal ( 0.5%). As an example Fig. 8 shows the measured point displacements in comparison to the calculated displacements of the small beam, whereas the gray shading represents the calculated displacements. The measured displacements in the loading and unloading path differed less than ( 0.1%), which indicates the very small hysteresis of the measurement setup and the beam. From these measurements it can be concluded that the measurement accuracy of the setup is within to ( 0.5%). 
H. Preliminary experiments on temporal bones
Our first experiments on temporal bones tested the measurement procedures and investigated techniques to maintain a stable laser signal by applying reflection-improving material on the footplate.
With our first temporal bone we used two pieces of retro-reflective foil, which were cut to size so that the pieces covered most of the superior and inferior part of the stapes footplate. Unfortunately, the bony rim of the oval window broke during the preparation of the temporal bone at the posterior-superior part. Anyhow, we performed shortened force-displacement measurements in order to gain experience with the measurement procedure.
Though the reflectivity of the laser signal was quite optimal with the reflection foil, it was difficult to apply the pieces of foil on the footplate without getting stuck at the surrounding bone or the annular ligament. Moreover, it was not possible to apply the force in the area where the retro-reflective foil was placed since the local foil deformations disturbed the force and displacement relation too much.
Due to these disadvantages of the foil in the following experiment on another temporal bone we completely coated the surface of the footplate with retro-reflective beads (Polytec, Waldbronn, Germany). In order to test the reflectivity of the laser signal we applied the force continuously instead of stepwise in order to facilitate the tracking of the lase signal. The load cell was displaced with a velocity of 85 /s into the direction perpendicular to the footplate until a maximum force of 27 mN was reached. There the load cell was held in place for 0.35 s until it was driven back to its initial position.
For visualization of the measured spatial stapes motion, a point on the stapes head with the reference vector is used as a reference point in the stapes coordinate system . The variable represents the height of the stapes and is assumed to be 3 mm. The stapes head is chosen as reference point since it is an exposed position in the middle ear which illustrates the spatial motion of the stapes quite well. Furthermore it is a suitable point to compare different measured stapes motions, e.g., the static measurements from this paper with measurements with acoustical excitation in the ear canal from our group or the literature. From the measured displacements at the nine measurement points on the stapes footplate the generalized coordinates were calculated according to Eq. (3) . According to the kinematics of a rigid body, the displacement of the point yields
The measured force-deflection curve is shown in Fig. 9 . Fig. 9 . For plotting, the spatial displacements is magnified by the factor 60 with reference to the scale of the stapes in the figure.
FIG. 9.
(Color online) Measured force-displacement curve on a temporal bone at preliminary experiments with retroreflective beads. The load cell was displaced continuously into the direction perpendicular to the footplate until a maximum force was reached. There the load cell was hold for 0.35 s until it was driven back to its initial position.
The arrows indicate the loading path.
The stapes head moved laterally and in posterior-inferior direction. It is reasonable that the piston displacement ( -direction) is lower compared to the first temporal bone with the damaged bony rim. Figure 9 shows much more hysteresis than the following figures which display the results of the stepwise measurement procedure as it was earlier explained on the basis of Fig. 2 . The reason is that in the stepwise procedure only the quasi-static force and displacement values read out from the end of a step (after a certain hold-off time) are plotted and not the continuously measured force and displacement values as here.
It turns out that the retro-reflective beads deliver a stable laser signal and allow the application of force at any place on the footplate even though the application point is covered by beads. Therefore retro-reflective beads were chosen for the final measurements on another temporal bone which are shown in the following.
A. Repeatability of the measurement
As mentioned in Sec. II C the force was applied at three different points on the stapes footplate. At each force application point the load cell was displaced stepwise into the direction perpendicular to the stapes footplate, while measuring the force applied to the footplate. At the end of a load cycle, the measurement position of the laser beam was changed to the next point and the load cycle was applied again. Therefore the displacement at a certain measurement position was measured only once in contrast to the force, which had to be applied nine times at the same force application point, since the displacement at nine points on the footplate were measured. Figure 10 shows the measured force and displacement history for the force application point in the center of the footplate. Ideally the force histories of the nine load cycles should overlay exactly. Since the displacement of the load cell is controlled by the incremental decoder information of the positioning unit and not by the measured force, the force histories can be little different from one load cycle to the other due to hysteresis effects of the annular ligament. Nevertheless the degree of repeatability of the force measurements compares well to the measurement accuracy of the load cell.
In order to calculate the three generalized displacements of the stapes from the displacement measurements at the nine points, the displacement values at the end of each displacement step are read out. The pickup points are processed as described in Sec. II D . The resulting spatial stapes motion for the centric force application point is shown in Sec. III B 1 .
B. Reconstructed motion of the stapes For each load configuration, the generalized displacements were calculated from the measured displacements at the points on the stapes footplate solving Eq. (3) . For visualization of the spatial motion, the point on the stapes head was used again as a reference point. Figure 11 shows the force-deflection curve of the stapes head for a force applied at the center of the stapes footplate. The maximal force level is close to 50 mN, the maximum displacements lie between 10 and 17 . The trajectory of the stapes head displacement is shown at the top of Fig. 11 . For plotting, the spatial displacements were magnified by the factor 60 with reference to the scale of the stapes in the figure.
Centric force application
FIG. 11. (Color online) Spatial displacement of the stapes head for a force applied at the center of the stapes footplate. The cubic approximation, used for the estimation of the model parameters, is plotted as dashed lines.
The stapes head moved also laterally in posterior-inferior direction as in the preliminary measurements. At the maximum force level the displacement in the -direction was smaller than in the other directions. The -displacement is related to the piston-like motion, the and components are related to the rocking-like motions of the stapes. Even though the force was applied at the center of the stapes footplate, the rotational components were prominent, which supports the hypothesis of an inhomogeneous stiffness distribution along the circumference of the annular ligament.
Excentric force application
When applying an excentric force at the stapes footplate, additional torques appear with respect to the origin of the system (Sec. II D ). Figure 12 shows the force-deflection curve of the stapes head, when a force was applied on the anterior side of the stapes footplate. There was a prominent rotational movement around the -axis, as can be seen by the increase of the -displacement in comparison to the centric force application. The stapes head moved laterally (negative -direction) in anterior-inferior direction (positive -direction and negative -direction),
as was also the case for the centric force application. However, the slope of the trajectory in the --plane was smaller in the excentric case, since the -and -displacements of the stapes head were in the same order of magnitude. The maximum -displacement was significantly lower than for the centric force application.
FIG. 12.
(Color online) Spatial displacement of the stapes head for a force applied at the anterior side of the stapes footplate. The cubic approximation used for the estimation of the model parameters is plotted as dashed lines. Figure 13 shows the force-deflection curve of the stapes head, for a force applied on the inferior region of the stapes footplate. In contrast to the previous force application points, the stapes head moved in superior direction. The stiffening in -direction was more prominent compared with the other measurements. The -displacement a the maximum force level was smaller than in the previous cases. The most prominent stiffening was found in the posterior-inferior region, namely, for the springs number 3 and 4.
Generally, the posterior region is stiffer than the anterior region and the inferior region is stiffer than the superior region. The stiffness matrix for the unloaded configuration was obtained by linearization about the undisplaced stapes with as
The principal axes of divide the stapes footplate into four sectors Q1-Q4. In Fig. 14 the axes are indicated by solid and dashed lines, respectively, and the four sectors are labeled with Q1 to Q4. If a force is applied at the intersection of both axes, i.e., the origin of the principal axes, the stapes is displaced only in -direction without any rotation. If a force is applied somewhere along the two principal axes, the stapes rotates around the other axis and vice versa in addition to the translation of the origin of the principal axes system. The force application points 5 and 6 were located in the second quadrant. A force applied in this sector causes a superposition of the two rotations around the principal axes and a translation of the origin. This makes the stapes head move laterally and in inferior-posterior direction. Looking at the force application point 8, which was located in the third quadrant, the direction of the rotation around the x axis is contrary, causing the stapes head to move in superior direction.
Due to the nonlinear stiffness characteristic of the annular ligament, the stiffness matrix given by Eq. (9) varies as the working point changes. This also applies to the principal axes. The dashed lines show the principal axes for a displaced stapes. The origin is shifted towards the posterior-inferior region indicating also a prominent stiffening in this region. Figure 15 shows a comparison between the measured (cross mark) and simulated (solid line) spatial displacement of the stapes head at the three force application points on the stapes footplate. The model predicts the stapes motion in all three stress situations qualitatively correct. There occur, however, some significant deviations, especially at higher forces. With an increased number of springs or a polynomial of higher degree describing the nonlinearity, theoretically the deviations could be minimized, but a larger number of springs would increase the difficulty of identifying an optimum set of parameter values. And in view of the generally known large inter-individua differences of the temporal bones and the measurement uncertainties, it is not practical to focus on the replication of the stiffness behavior of one single, randomly selected individual. Therefore the main objective of this work is to describe a measurement procedure and the following evaluations of the measurement data in order to be able to quantify the nonlinear stiffness characteristic of the annular ligament.
FIG. 15.
(Color online) Comparison between the measured (cross mark) and simulated (solid line) spatial displacement of the stapes head at the three force application points on the stapes footplate.
Compared to the centric force application, the results show at force application point 6 a greatly enlarged movemen of the stapes head in the x-direction. This is understandable considering the principal axes of the system shown in Fig. 14 . When changing the force application point from the center to the very anterior application point 6, mainly the lever arm in the anterior direction is enlarged. This results in a magnified movement of the stapes head in the x-direction. When the force is applied at the inferior force application point 8, the direction of the stapes head movement is reversed in the z-direction compared to the movement with centric force application, since the force application point 8 lies below the principal axis.
In this work, we investigated the nonlinear stiffness properties of the annular ligament. We applied a force stepwise at several points on the stapes footplate and measured the spatial motion of the stapes. We observed a nonlinear stiffness behavior in combination with an inhomogeneous stiffness distribution of the annular ligament. From our measurements we derived parameters for a nonlinear mechanical model of the annular ligament.
A. Measurement procedure The stapes motion was described using three generalized coordinates. To reconstruct the stapes motion, we measured the displacements of the stapes footplate at nine points. The measurement errors were minimized by using nine measurement points instead of three points, which is the minimum number of points necessary for the reconstruction. The points were selected such that the measurement area was maximally large and the measurement points were distributed symmetrically around the centroid of the footplate. This minimizes the error in the reconstruction of the spatial stapes motion, as it is shown in Sim et al. (2010) .
To reduce the influence of viscous effects, the force was applied in small steps and waiting for a certain time in which the displacement and force level approach to their static value. Nevertheless, a small hysteresis between the loading and the unloading path remained as shown in Figs. 11-13 . Therefore, we took a mean value of both paths to derive the model parameters.
The applied maximum forces were smaller than the rupture forces presented by Hüttenbrink (1993) This motion pattern of the stapes head was found not only at large static loads, but also at acoustic excitation in the ear canal up to the first principal resonance at about 1 kHz, as measurements described in Sim et al. (2010) and Lauxmann et al. (2012) . In their measurements the ossicular chain was intact, so that we can conclude, that the motion of the stapes is not changed by the connection to the long process of incus. This can also be shown in simulations performed with our numerical middle ear model, presented by Ihrle et al. (2012) . Furthermore from our measurements we were not able to deduce, whether this motion pattern is transferred to the long process of incus by the stapes or whether the long process moves in this principal motion direction even in case of a dissected incudo-stapedial joint. However, based on simulations performed with our numerical middle ear model, we state tha the long process of the incus will move into the same principal direction in case of a dissected incudo-stapedial join which is also supported by the fact that only small relative motions were observed at the incudo-stapedial joint Guinan and Peake (1967) . Fig. 11 is 1050 N/m . Thus, the measured temporal bone shows a slightly highe stiffness behavior. In vivo measurements of Guinan and Peake (1967) in cats show piston-like displacements of [25] [26] [27] [28] [29] [30] . From that on the stapes displacement no longer grows linearly with stimulus level. Based on this Price and Kalb (1991) set in his model of the human ear a maximum stapes displacement of 20 . In our experiments a maximum displacement of 15 was reached, which is below the rupture and the fracture level of the annular ligament and the stapes footplate, respectively. Cancura (1979) used a custom-made electromagnetic probe to measure force and displacement at different measuring points on the stapes footplate. He observed an average displacement of 37-41 at a force of 10 mN, but no nonlinear stiffening and no significant differences between the individual measuring points. He concluded that the elasticity of the annular ring along its circumference was uniform and the stapes exhibited only piston-like movements. A reason for this may be the accuracy of his probe, which was only 3
. From that it can be concluded that he had a measurement inaccuracy of about [6] [7] [8] [9] [10] [11] [12] at the stapes head, which is very poor compared to LDV measurements. With the mean stiffness value of 950 N/m from Waller (2002) , the deflections at a force of 10 mN were about 9.5 and thus significantly smaller than the values of Cancura (1979) , which are between 37-41 .
Recent measurements performed by Gan et al. (2011) indicate a nonlinear characteristic of the annular ligament. In their measurements, the stapes head was fixed to a metal cap of a partial ossicular replacement prosthesis with a tiny drop of cyanoacrylate gel glue and attached to a load cell. The load was applied to the stapes head by moving the load cell in lateral-medial direction. The displacement was taken from the encoder information of the translational stage which was used to displace the load cell. With this measurement procedure the stiffness distribution of the annular ligament cannot be derived, since the spatial stapes motion was not considered and the load was only applied centrally. They report a displacement of 112 at a maximum force level of 50 mN. This value is considerably higher than the maximal stapes displacement of 15 obtained in our measurements compared at the same force level. Also the stiffness value of 90 N/m, they reported for the unloaded configuration, is very low when compared to the value obtained by Waller (2002) 
C. Consequences for the sound transfer
If the stapes is displaced from its initial state, the stiffness of the annular ligament increases causing a change of the sound transfer. The displacement may be induced by different mechanism, e.g., middle ear static pressure, inner ear pressure, or the application of a middle ear prosthesis. In order to quantify the influence of the stiffening we performed simulations for increased inner ear pressures with our numerical middle ear model presented in Ihrle et al. (2012) . Inner ear pressures up to 200 da Pa are generally considered to be physiological. Figure 16 shows the effects of different inner ear pressures on the sound transfer. For comparison, the findings of Murakami et al. (1998) 
